A new class of electrically conductive adhesives (ECAs) has been developed using two different resin materials and a low-melting-point alloy filler powder. The curing or cross-linking behaviors of base resin materials and the melting behavior of filler metal were examined using a differential scanning calorimetry (DSC) instrument. The effects of the reduction capability of base resin material, metal filler volume fraction, and joint height on the coalescence of filler, and morphology of conductive path were examined using a cross-sectional optical laser microscope. The two different types of conductive paths (necking-type and bump-type) were achieved by the coalescence and wetting characteristics of melted fillers into new formulations. The results show a good metallurgical connection and a low contact resistance even at a low filler metal volume fraction of 30%.
Introduction
Along with the growing demands for high speed, high capacity, miniaturized and lightweight electronic applications, packaging technology has been developed to improve high integration and high density in electronic devices such as semiconductor chips and discrete components. [1] [2] [3] Recently, new electrically conductive adhesives (ECAs) are being actively investigated from an environmental standpoint, as an alternative to tin-lead solders in microelectronic and optoelectronic applications. 4, 5) They also have potential advantages, including lower temperature processing, highresolution capability for fine pitch interconnects, and compatibility with non-solderable ones. 6, 7) ECAs are composed of polymer matrixes and conductive metal particles in general. The most common metal particles in ECAs include silver flakes or powders. However, several critical limitations such as low conductivity, unstable contact resistance, low joint strength, silver migration, and difficulty in rework have been found. [8] [9] [10] A new class of ECA materials has been developed to overcome these limitations, by coating the conductive particles with low-melting-point alloys (LMPAs). 11, 12) In these studies, the electrical connection was established through transient liquid phase sintering (TLPS) between the LMPA fillers and between the fillers and the conducting pads.
In this paper, a new class of ECAs was studied by using a LMPA filler that forms the metallurgical connection not only between LMPA fillers but also between the fillers and the metallization of the component and substrate. Moreover, we make a preliminary report of the accomplished two types of electrically conductive path.
Experimental Procedure
The new electrically conductive adhesive used in the present study consisted of a low-melting-point alloy (LMPA) filler, a thermoset polymer resin, and other minor organic additives. The polymer resins were a mixture of bisphenol A and bisphenol F system (resin A), and a special kind of bisphenol A type epoxy resin dispersed with silicone crosslink particle (resin B), which has an excellent reductive characteristic against surface oxide film because carboxylic acid with two or more carboxyl group was used for curing agent. Table 1 shows the material properties of resin materials. The LMPA was selected from the group consisting of Cu, Zn, Ag, Cd, In, Sn, Au, Pb, Bi, and their alloys, which can be fused to achieve the metallurgical bonding between adjacent particles, and between the particles and surface of electrodes. In this study, we used 48Sn-52In filler metal with a diameter of 42 mm and a melting temperature of 390 K from Senju Metal Industry Co., Ltd. The differential scanning calorimetry (DSC) analysis was performed to investigate optimal curing profile using at a heating rate of 5 K/min using a Perkin-Elmer instrument DSC-7. Two LMPA-filled ECA formulations: an ECA-1 with resin A, and an ECA-2 with resin B, were prepared. The LMPA filler volume fractions V f were 30, 50, 60, and 70% in each ECA formulation, respectively. The specimens were machined to 10 mm Â 10 mm Â 1 mm with an oxygen-free copper plate, performed by surface treatments, and followed by polishing, degreasing and deoxidation. After the spacers of stainless steel wire (SUS 304, 100 mm and 300 mm in diameter) were placed in parallel positions on the specimen for specifying the joint height h, the adhesive was dispensed, and the upper plate was mounted. The specimen was then heated in an infrared oven with a curing profile composed of heating from ambient temperature to 413 K for 1 minute and a dwell time of 3 minutes to ensure time for the filler metals to melt and wet. This was followed by a heating to 453 K for 1 minute and a curing time of 60 minutes. After the curing process, the sample was cut using a diamond cutter, and the formation of the conduction path was observed with an optical laser microscope. Then, the contact resistance was measured using a constant voltagemeter. This process was performed repeatedly while controlling the process related-parameters such as volume fraction V f and the joint height h. Figure 1 shows the DSC results of the curing behavior of the uncured epoxy resin systems employed and the melting behavior of the LMPA filler used in this study. Each resin has a relatively low curing peak temperature of 399 K for resin A and 414 K for resin B. The first exothermic peak of about 393 K in resin B represents a dehydration behavior in the epoxy. The endothermic peak at about 392 K (Fig. 1(c) ) indicates the melting point of the LMPA filler. Since excessive curing progress of resin materials hinders the flowability of LMPA fillers during the curing process, the resin should not be cured too much before its melting point of the LMPA filler in order to achieve good melting and wetting characteristics. As shown in this figure, resin A in ECA-1 did not show significant curing at the filler melting point, though the curing onset temperature was higher than that of LMPA filler. As for resin B in ECA-2, the melting and wetting of the LMPA happened faster than the curing of the resin because the curing onset temperature was over 400 K, which was higher than the melting point of the LMPA filler.
Results and Discussion
Figures 2(a) and (b) show the morphology of the LMPA filler in ECA-1 and ECA-2 after the curing process at 453 K/ 1 h with a joint height of 300 mm and a LMPA filler volume fraction of 50%. For the ECA-1 without any reduction capability, the LMPA fillers evenly dispersed in ECA-1 formulation while keeping their original spherical shape. The average filler diameter was about 37 mm, which was almost the same before melting. It is presumed that the number of coalescent fillers was very low, as the epoxy gelation and the oxide film on the surface of filler metal hindered the coalescence of LMPA fillers. For the ECA-2, on the other hand, the filler size was about 63 mm, and fillers were expanded to over 200 mm in diameter by the coalescence of about 108 fillers. Moreover, it can be observed that the LMPA fillers were widely wet and metallurgically connected to the lower Cu surface. The reduction capability of the resin material promoted the coalescence of LMPA fillers and the melting and wetting characteristics between the particles and copper surface by removing their oxides film during the curing process. Moreover, as the curing of the resin initiated after the LMPA fillers melted, there was not significant effect on the wetting and coalescence behavior of the LMPA fillers in ECA formulation. For an ideal ECA formulation, the curing behavior of the resin must match the wetting and coalescence characteristics of the LMPA. Figures 3(a) and (b) show the optical cross-section pictures indicating the different conductive paths in ECA-1 and ECA-2 respectively. These ECAs provided good metallurgical connections between adjacent LMPA fillers, and between the LMPA fillers and the upper and lower surfaces of copper. They show quite different conductive paths compared to that of ECAs filled with commercial fillers such as Ag, Ni, Cu, and C. In conventional conductive adhesives, conductive paths are formed by intimate contact, including physical contact and tunneling by fillers; as a results, its conduction mechanism has been generally recognized. 13, 14) As for the non-reductive ECA-1, the LMPA filler adjoined to the adjacent fillers and the morphology was isotropic. Though the wetting on the surface of copper was not remarkable, the adjacent fillers united mutually and provided a partially coalesced conductive path. The presence of the oxides caused the LMPA fillers to form a network, rather than fully coalesce or melt into a homogeneous mass during the curing process. Since the oxide films of the filler were destroyed only at the contact area with the adjacent fillers, the melted fillers got wet locally, and the necking-type conductive path was formed. However, a small number of the fillers formed a necking-type conductive path with the adjacent fillers when the joint height was controlled to be 300 mm. On the other hand, the LMPA filler in ECA-2 cohered mutually in the molten state and expanded to a huge domain. In addition, it can be seen that a good metallurgical connection was formed at the interface between the ECA-2 and two Cu surfaces. The melted fillers were extremely wet on the surface of the copper and formed a huge liquid-phase ball or wetting blob in the joint, due to the reduction capability of the resin. As the oxides were removed, the melted fillers came into contact with each other, and copper and the bump-type of conductive path could be achieved by coalescence of fillers under the external pressure of a liquid resin and the intrinsic surface tension. As shown in Fig. 2(b) , however, no type of conductive paths was formed, though the fillers cohered into large spheres and some of them wet on the surface of the lower copper at the joint height of 300 mm. The reason why the conductive path was formed with a height of 100 mm for both ECA-1 and ECA-2 was that the joint height was narrow enough, compared to the filler diameter. For making a necking-type conductive path in ECA-1, only 3 fillers were necessary for a 100 mm height, though at least 8 fillers were necessary for a 300 mm height. For ECA-2, a conductive path was formed with a high probability for 100 mm height and needed only 14 (=(100/42)
3 ) fillers to form a filler diameter of 100 mm by coalescence, whereas a coalescence of 364 (=(300/42)
3 ) fillers were needed to form a filler diameter of 300 mm. It can be said that a conduction path can be achieved by optimizing both the joint height and the filler size. Figure 4 shows the total resistance of each ECA joint, consisting of the bulk resistance of a joint and the interface resistance of two surfaces. The result shows that the ECA joint of both ECA-1 and ECA-2 had a good electrical property due to the metallurgical interparticle connections and wetting behavior of the fillers inside the ECA formulation, even at a low volume fraction of 30%. Furthermore, since the metallurgical interconnection region that was formed at the interface between the filler and the Cu surface expanded in ECA-2 as shown in Fig. 3 , the average values of the total resistance of ECA-2 are slightly lower than those of ECA-1. Therefore, a lower contact resistance could be achieved for the bump-type conductive path than that of the necking-type.
Conclusions
A new class of electrically conductive adhesives (ECAs) was developed using two different resin materials and a lowmelting-point alloy filler powder. The preliminary results for melting and wetting characteristics of LMPA filler in ECAs and two different electrical conductive paths produced by molten fillers were reported. The reduction capability of base resin material was effective for coalescence and wetting characteristics of an LMPA filler and affected the conductive path type.
The results show that good metallurgical connections were formed between the LMPA fillers in ECAs and between the filler and the Cu surface, even at the lower LMPA volume fraction of 30%. The ECAs joint exhibited low total resistance, due to the metallurgical connection. 
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